Charcot-Marie-Tooth disease type 1A (CMT1A), the most common form of Charcot-Marie-Tooth diseases, is a demyelinating neuropathy caused by a deletion encompassing the gene coding for PMP22, a myelin protein of the peripheral nervous system. Although myelinated fibers are mostly involved in CMT1A, some patients experience neuropathic pain. We thus investigated whether unmyelinated fibers are lost in CMT1A. Skin biopsies were taken from the distal portion of the leg of 80 patients with CMT1A as part of the PXT30003-01 study and processed for quantification of intraepidermal nerve fiber density (IENFD). Mean IENFD was significantly lower in CMT1A patients than in healthy controls. Although the data were highly dispersed, IENFD tended to decrease with age and was higher overall in female patients and controls than male patients and controls. This study shows that small nerve fibers are affected in CMT1A and that this correlates with pin sensitivity. The density of epidermal Langerhans cells (LCs) was also significantly reduced in CMT1A patients, suggesting the involvement of LCs in neuropathic pain processes. These findings raise several questions concerning the interactions of Schwann cells and LCs with unmyelinated fibers in CMT1A. Moreover, they suggest that factors other than PMP22 gene dosage are involved in small fiber pathology in CMT1A.
INTRODUCTION
Charcot-Marie-Tooth (CMT) disease is the most frequent inherited neuropathy with a prevalence of $1 per 2500 births. Seventy-five percent of patients with CMT have CMT1A, which is transmitted in an autosomal dominant manner. CMT1A is caused by a 1.5-Mb duplication in 17p11.2, encompassing the gene coding for peripheral myelin protein 22 (PMP22). It causes demyelinating sensory and motor neuropathy with variable degrees of axon loss. CMT1A is considered to involve mainly myelinated fibers. Thus, few studies have focused on the impact of its mutation on small sensory C and Ad fibers. However, 56%-96% of patients report positive sensory symptoms, including neuropathic pain (1) . Two studies using electrophysiological techniques and questionnaires on pain evaluation have reported that pain in patients with CMT1A may be due to small fiber neuropathy (SFN) linked to the involvement of Ad fibers (2, 3) . Moreover, 1 study showed SFN in patients with CMT1A, using in vivo corneal confocal microscopy. In this study, loss of corneal C fibers was correlated with the severity of painful symptoms (4) . The involvement of small fibers in CMT1A merits investigation because it may have a large impact on quality of life in these patients.
Several experimental studies have also suggested involvement of skin Langerhans cells (LCs) in neuropathic pain. For example, LCs become intensely immunoreactive to the protein PGP9.5 after sectioning the sciatic nerve (5) or in a chronic constriction model (6) . Moreover, an increase in PGP9.5-immunoreactive LCs has been observed in an animal model of chemotherapy-induced neuropathy (7) . In humans, Casanova-Molla et al reported an increase in the number of LCs in skin biopsies from patients with diabetes and pain due to SFN (8) . Indeed, LCs may play a role during the process of axonal degeneration in SFN because of their pro-inflammatory properties and tight interactions with intraepidermal nerve fibers (IENFs) (9) .
The main objectives of the present study were to investigate the potential involvement of unmyelinated fibers in CMT1A and assess whether there are alterations in the number and/or morphology of LCs, and finally, to link these results to clinical findings. The study is a phase 2 trial investigating the safety and efficacy of a new drug in CMT1A patients (10) . As part of this study, a skin biopsy was taken from the distal region of the leg (10 cm above the lateral malleolus) of all enrolled patients. Two specimens were taken, one for biomarker analysis and the other for investigating IENF density (IENFD) and the evaluation of LCs.
MATERIALS AND METHODS
The entire protocol was approved by our local ethics committee and the Agence Nationale de la Sécurité du Médi-cament et des Produits de Santé (ANSM). The study was conducted in accordance with the declaration of Helsinki and according to Good Clinical Practice. Informed consent was obtained from all participating individuals.
Patients
Patients with CMT1A were recruited for the PXT3003-01 study (10) . The diagnosis had to be genetically confirmed and patients had to have at least some weakness in foot dorsiflexion and a CMT neuropathy score (CMTNS) 20. Patients were excluded if they had any other neurological conditions or a concomitant systemic disease that could interfere with the neurological evaluation. Additionally, patients with abnormal liver or kidney function were also excluded. Age, sex, body mass index (BMI), and duration of illness were recorded for each patient.
Controls
Controls included in the study were patients that were initially referred for muscle biopsy or skin biopsy to the "Reference Center of Rare Peripheral Neuropathies" Limoges University Hospital and who were found to have either a normal muscle biopsy or a diagnosis of nonneuropathic pain. The exclusion criteria were all potential causes of SFN (e.g. metabolic syndrome, diabetes, neurotoxic treatment, human immunodeficiency virus, chronic alcoholism), as well as neuropathic pain of unknown origin.
Clinical Scales
The following scales were assessed at the screening phase for all patients: Charcot Marie Tooth neuropathy score (CMTNS); Overall Neuropathy Limitation Scale (ONLS); Visual Analogic Scale (VAS) for pain, fatigue, and global impression of health; Nine-Hole Peg Test (9HPT) for assessing manual dexterity; Quantitative Motor Testing (QMT) for tibialis anterior bilaterally, and bilateral Grip Test (Vigorimeter) for hand prehension. Superficial sensitivity was assessed at the legs by using a piece of cotton wool and vibration sense was assessed using a graduated 128 Hz tuning fork.
Nerve Conduction Studies
Nerve conduction parameters were assessed using standard techniques at a skin temperature of 32 C, as previously described (10) . They included motor and sensory responses of median and ulnar nerves of the nondominant upper-limb.
Skin Biopsies
Skin specimens were obtained through a 3-mm punch skin biopsy 10 cm above the lateral malleolus in the region of the sural nerve. Samples were processed using established methodology (11) and 3 nonconsecutive vertical sections of 50 mm (for IENFD quantification) and 10 mm (for LCs analysis) thickness were prepared for each biopsy. Optical immunofluorescence was performed using the cytoplasmic axonal PGP 9.5 staining method (Protein Gene Product 9.5), with a polyclonal rabbit antihuman antibody (1/600, UltraClone, Isle of Wight, UK) for IENF and the monoclonal rat antihuman antibody antiLangerine/CD207 (1/200, Dendritics, Lyon, France).
IENFD was manually quantified (blindly, by 2 operators, at high magnification) with a NIKON DxM1200 light microscope. The density was calculated in at least 3 nonconsecutive sections as the number of IENF per length of section (fibers/mm) measured using NIS elements BR2.30 software (Nikon) at Â400 magnification. Single fibers crossing the dermal-epidermal junction were counted according to established guidelines (11) . Similarly, the number of positive LCs, for which the cell body was clearly visible, were counted at Â400 magnification. The number of LCs was determined with respect to the length of the epidermis and their density expressed as the number of LCs/mm.
Statistics

Descriptive Analysis
Quantitative variables are reported for each population (controls and CMT1A) using the median, minimum, and maximum values. Correlations between clinical data and cutaneous biopsy results were determined using the Pearson correlation test.
Comparison Between Groups
We used normative values from our control population because of variation of the selection criteria between studies and heterogeneity of the methodology used for IENF staining. Thus, an IENFD below the threshold determined by the 5th percentile from the control population was considered to be abnormal. Data of CMT1A patients were compared with those of control subjects using Student parametric t-test if the values followed a normal distribution and a nonparametric MannWhitney test if they did not. All analyses were performed using Prism software version 6.04 (GraphPad Software, Inc., LaJolla, CA). The differences were considered to be statistically significant for p < 0.05.
RESULTS
Patients
Demographic Data
The CMT1A population was composed of 75 patients (31 men and 48 women). The mean age of the men was 45.78 6 12.06 years (mean 6 standard deviation) and that of the women 44. Fig. 1A) and BMI (Fig. 2) .
We assessed correlations between IENFD and age by gender. IENFD significantly inversely correlated with age in men and women (Fig. 3A, B ).
IENFD and Clinical Parameters
There was no significant correlation between IENFD and the CMTNS, ONLS, NHPT, or VAS ( Table 1 ). The CMTNS is a composite score of several items, including clinical and electrophysiological data on motor and sensory nerves. In order to determine whether there was a correlation between DFNIE and the various CMTNS clinical components, correlations were made with each item. There was no correlation with motor symptoms nor arm strength or leg strength. There was a slight correlation with sensitivity to vibrations and a weak, but significant, correlation with sensitivity to pinpricks ( Table 2 ). There was a significant decrease of IENFD in CMT1A patients suffering from superficial sensitivity disorders (Fig. 4) .
IENFD and Nerve Conduction Studies
We compared electrophysiological data, including motor and sensory nerve conduction parameters of the median and ulnar nerves on the nondominant side, with IENFD of CMT1A patients. There was no correlation with the motor (Table 3) or sensory parameters (Fig. 5) .
Controls
Ninety-four control patients were included in the study (44 men and 50 women). The mean age of the men was 39.70 6 10.62 years (mean 6 standard deviation) and that of the women 50.06 6 14.55 years. The overall mean age was 45. 21 [4.64-19 .04] IENF/mm). The IENFD significantly inversely correlated with age for women but not men (Fig. 3C, D) .
CMT1A Versus Controls
IENFD Analysis
The normative values of the distal IENFD obtained from our control population allowed us to define a lower limit of the norm. We used the 5th percentile as the lower limit, Moreover, 48% of CMT1A patients had a large reduction of IENFD below the normal lower limit. As the IENFD varies by age and sex, comparisons were made between populations over 50 and under 50 years of age, as well as between men and women (Fig. 6 ). It appears that the significant decrease in IENFD in CMT1A patients is not influenced by age or sex, since the difference in IENFD between the CMT1A and control populations is still significant in the age-and matched-analysis.
Analysis of LCs
We quantified the number of LCs in 23 CMT1A patients and 23 control subjects randomly selected from the CMT1A and control populations. We observed a morphological difference between the LCs of the CMT1A and control population: LCs in CMT1A patients were smaller and had fewer extensions (Fig. 7A) . This observation was common to all patients.
Quantitative analysis showed significantly fewer LCs in skin biopsies of CMT1A patients than those of the control group (CMT1A: 10.62 6 3.87 vs control: 16.37 6 4.72, p < 0.0001; Fig. 7B ). There was no correlation between the number of LCs and IENFD of CMT1A patients (n ¼ 23; 
DISCUSSION
The objectives of this study were to determine the involvement of IENFs and intraepidermal LCs in CMT1A disease in a large cohort of patients who were recruited in the PXT3003-01 study.
We showed that IENFD is affected by age and weight in both CMT1A patients and controls, as previously reported (12, 13) , and that women have an overall higher IENFD than men, also as previously described (14) .
The median IENFD at the distal region of the leg in our control population was 9.57, similar to the results obtained by Shun et al (15) , but slightly below those of most published studies (14) (15) (16) . Several factors may explain this discrepancy. Our control population does not precisely correspond to normal controls as all skin biopsies were taken from patients who were initially referred for pain. However, people that had a known disorder that could be associated with polyneuropathy were excluded, although no systematic screening for classical causes of polyneuropathy was carried out. Moreover, retrospective examination of medical files of our controls (when available) showed that they did not have neuropathic pain. Another explanation of our relatively low IENFD is that we stained skin samples on slides (and not by immersion in the antibody solution) and did not use confocal microscopy. However, we used the same exact technique for controls and CMT1A patients.
We show here that small nerve fibers are affected in patients with CMT1A. These results are in accordance with those of a recent study in a far smaller cohort of patients (17) . The involvement of small fibers in CMT1A has only recently been suggested. Several studies showed elevated heat response thresholds in CMT1A patients, suggesting that functionality of sensory small nerve fibers, unmyelinated C, and poor myelinated Ad fibers, was affected in CMT1A (18) . More recently, a detailed analysis of sural nerve samples from patients with CMT1A by electron microscopic examination showed alterations of nonmyelinating Schwann cells with unaffected unmyelinated axons (19) . Unmyelinated C-fibers represent 90% of IENFs, thus we suggest that reduction of IENFD in CMT1A patients express the degeneration of this nociceptor population. These findings and our results suggested that axon-Schwann cells interactions are dysregulated in CMT1A, in myelinated nerve fiber and in Remack bundles too. Moreover, PMP22 is expressed by nonmyelinating Schwann cells (20) . Thus, we hypothesize that overexpression of PMP22 observed in myelinated Schwann cells of CMT1A patients could equally affect nonmyelinating Schwann cells. Distal degeneration of small nerve fiber observed in skin biopsies could result from pronounced injury of nonmyelinating Schwann cells proximally. Skin biopsies can probably show abnormalities that may be missed by examination of nerve biopsy samples due to the length-dependency of axonal degeneration in CMT1A because they investigate the most distal endings of unmyelinated fibers.
The comparison of IENFD and clinical findings of CMT1A patients provides new information concerning the relationship between the severity of the disease and small fiber involvement. Among all clinical variables, only superficial sensory involvement and pinprick sensitivity correlated (as expected) with the IENFD. This suggests that the degeneration of IENFs is totally or partially independent from the course of this demyelinating neuropathy. A recent study highlight that demyelination of A-fibers lead to increased sensitivity of Cnociceptors originally from spontaneous discharges (21) . Authors suggest that normal activity of A-fibers produce an inhibitory effect on C-nociceptors. In CMT1A disease, early stage of demyelination of sensory A-fibers (i.e. Ab and Ad fibers) could sensitize C-fibers and lead to neuropathic pain. Hyperexcitability of C-fiber could favor its degeneration, explaining reduction of IENFD in CMT1A patients. In this study, pain, as evaluated by VAS, did not correlate with IENFD. However, the questionnaires that were used were not able to distinguish between neuropathic and nonneuropathic pain. A study on a cohort of 49 patients with CMT1A showed that most patients with this disorder had pain of musculoskeletal origin, with only 18% of them reporting neuropathic pain as assessed by the DN4 scale (3). Thus, the absence of a correlation between overall pain and IENFD was not completely surprising. The quantification of LCs in this study also provides new information. Decreased epidermal LC density was associated with morphological abnormalities in CMT1A patients relative to controls. This is in contrast to most studies of SFN, which show an increase in LC density or their activation in diabetic patients (8) , experimental sciatic nerve sectioning in rodents (5) , and a mouse model of chemotherapy-induced neuropathy (7). However, an experimental study in rats showed that depletion of LCs could induce a decrease in the number of PGP9.5-and CGRP-positive skin axons associated with a reduction of neurotrophin levels (nerve growth factor and glial derived neurotrophic factor) in the epidermis (22) . Moreover, a decrease in LC density in patients newly diagnosed with diabetes mellitus has been reported (23) . Epidermal Langerhans' cells have been shown to be closely associated anatomically and functionally with IENFs (9). LC alterations observed in skin biopsies of CMT1A patients could be related to a dysfunction of small nerve fibers, prior to IENF degeneration. Indeed, we observed morphological abnormalities of the LCs in all 23 analyzed samples, whereas several CMT1A patients analyzed for LC density did not show a loss of IENFs. An alternative explanation could be a primary involvement of LCs in CMT1A, which remains to be investigated. Prospective studies would be useful for determining whether a reduction in LC density could be an early marker of small fiber involvement in CMT1A and the link between overexpression of PMP22, Schwann cell alterations, and small fiber loss in CMT1A. 
